The bioavailability, mobility and retention behaviour of uranium (U) in soils and mine wastes were investigated by a chemical extraction procedure. Based on these results, a risk assessment code was applied with the purpose to estimate the environmental risk associated with U. This code is based on the retention capacity of the chemical elements by different geochemical fractions in soils, thus identifying their toxicity, mobility and degree of availability to the environment and to living beings (ratio of the water-soluble fraction and exchangeable fraction to the total concentration). Uranium and many other elements (e.g., As, Bi, Cu, Sn, W) were found in high total concentrations, however the risk assessment code indicates a potentially hazardous situation in the mine site only for U pollution.
Introduction
Elements in soils are present in several different physicochemical fractions that affect the retention and release of trace elements in the environment. These fractions include the following broad categories: water-soluble, exchangeable, secondary Fe and Mn oxides, sulphides and organic matter, silicates, among others. Thus, for the effective assessment of environmental contamination is very important understanding the relation between chemical elements and geochemical fractions in soils. The aims of this study were: to determine the total concentrations of uranium (U) in soil and tailings samples contaminated by a mining operation (Northern Portugal); to investigate the distribution of U in different physicochemical fractions of the soil and mine tailings; and to evaluate the mobility and bioavailability of this element in soil and tailings.
Materials and Methods

Sampling and samples preparation
Soil and mine tailings samples were collected in the area of an old mine in Northern Portugal. One line transect is situated in an area of reference, representative of the local geochemical background, upstream of the mine, although it intercepted the mineralization; a second line transect includes the mine tailings and soil lateral to these tailings; the third and fourth line transects are located in the area of dispersion of the contamination, under the influence of mining. Each soil and tailings sample, collected from about 20 cm depth, weigh about 5 kg. In total, 51 sites were sampled.
In the laboratory, the samples were dried (40 ºC), then homogenized and quartered. Were obtained two identical sub-samples from each sample: one portion for the determinations of soil physicochemical properties (<2 mm) and another portion for chemical analysis (<250 µm).
Analytical procedures
The physicochemical parameters were measured using standard methods. The pH was determined in water extracts (1:2.5 v/v) and organic carbon was determined with the elemental analyzer (Primacs SCN Analyser, Skalar).
Total element contents determination was held using ICP-MS analysis (Elan 6000 Perkin-Elmer spectrometer) after tri-acid digestion (HF-HNO 3 -HClO 4 ). The evaluation of the analytical method was performed using the SRM 2711 reference soil.
Seven soil and tailings samples were selected to apply a sequential chemical extraction procedure adopting the Dold and Fontboté, 2001 technique. In this method, the sequence of the reagents used for extraction is related to the following geochemical fractions: fraction 1 -water-soluble elements; fraction 2 -exchangeable elements (and elements soluble under slightly acidic conditions); fraction 3 -easily reducible fraction (elements bound to poorly-crystallized Fe, Mn and Al oxy-hydroxides and ferric hydroxysulfates); fraction 4 -moderately reducible fraction (elements bound to well-crystallized Fe, Mn and Al oxy-hydroxides and ferric hydroxysulfates); fraction 5 -elements associated with secondary sulphides and organic matter; fraction 6elements associated with primary sulphides; fraction 7 -residual fraction (elements strongly bound with resistant fractions, namely crystalline structures of minerals (silicates, etc.).
In the current work, the first two extracted fractions (water-soluble + exchangeable fractions) represents the more mobilisable and bioavailable fraction. The reducible fractions correspond to the fractions of chemical elements that may be released if the environmental physicochemical conditions change from an oxidizing to a reducing state. Chemical elements released from organic and sulphidic fractions may be liberated under oxidizing conditions.
Results and Discussion
The results obtained in the steps of the chemical extraction procedure used to estimate the metal-support phases of U in soil and tailings samples are shown in Figure 1 . We also present the total concentrations. Uranium is distributed in various geochemical phases, with a larger predominance in the residual, exchangeable, reducible and primary sulphides fractions (Fig. 1 ). In the soil, the uptake of trace elements by plants (for example) is related on their availability (bioavailable fraction), which, in turn, depends on their replacement from less bioavailable fractions. In this study, the chemical elements extracted with water (water-soluble fraction) and with NH 4 OAc (exchangeable fraction) are a significant portion of the potentially mobile elements. These two fractions (water-soluble and exchangeable) can be considered as a good estimate of the bioavailability of elements in the soil.
In this study, the sums of U concentrations of the two most bioavailable fractions (water-soluble + exchangeable) ranged from 1.3 to 30.9 mg/kg.
In order to assess the ecological hazard associated with U contamination in the mine site, a risk assessment code (RAC) was used to classify the soil and tailings samples. This RAC is based on the retention capacity of the trace elements by geochemical fractions of the soil and the ability of elements to be released, becoming bioavailable for the plants and other living beings (Rodríguez et al., 2009 ). This code is obtained by calculating the ratio between the bioavailable fractions sums (water-soluble + exchangeable) and the total concentration. There is no risk when the sum of the bioavailable fractions is less than 1% of the total concentration. RAC values between 1-10% represents low risk. The most hazardous situations correspond to: medium risk (11-30% RAC), high risk (31-50% RAC), and very high risk (>50% RAC).
The soil and tailings sampled in the studied site showed high total concentrations of U and other metals (Sn, W, Bi, Cu) and metalloids (As) (Favas et al., 2011; Favas and Pratas, 2012) . Although, despite high total concentrations of these elements, the risk assessment code suggests a potentially dangerous situation in the mine area only for U pollution (medium to high risk - Table 1 ). 
Conclusions
The present study provides information on the potential mobility and bioavailability of uranium (U) in soil and tailings from the vicinity of an abandoned mine (Northern Portugal). The sequential selective chemical extraction technique revealed significant releases of U in the water-soluble and exchangeable fractions (mobilisable and ecological bioavailable fractions).
The risk assessment code distinctly reveals the potentially dangerous situation in the mine site mainly due to U pollution (medium to high risk).
The authors strongly recommend continuous monitoring on mobility and bioavailability of U and other toxic trace elements which would be of great help for effective management of the eventual environmental restoration of this mine site.
